Low-dimensional materials, such as ultrathin films, nanoislands, and wires, are actively being studied due to their interesting magnetic properties and possible technological applications for example in high density data storage. Results of density functional theory calculations within the generalized gradient approximation of an Fe nanoisland on a W(110) surface are presented here with particular focus on the effect of hydrogen adsorption on magnetic properties. The adsorption is found to strongly decrease the magnetic moment of the Fe atoms the H atoms are bound to, down to less than a half in some cases as compared with the clean Fe island. This is an important consideration since hydrogen can relatively easily be introduced and removed from the system, thus providing a way of tuning magnetic properties, and it can also be unintentionally present even under ultrahigh vacuum conditions, especially at low temperature.
I. INTRODUCTION
Low-dimensional structures continue to attract significant attention, partly due to their unique and tunable magnetic properties [1] . Not only can magnetic moments and anisotropy change with size, but low-dimensional magnets can also exhibit more exotic noncollinear spin structures such as skyrmions and helices [1] [2] [3] . As the properties are controlled by the atomic structure, it is of both fundamental and technological interest to understand how symmetry, substrate interactions such as strain and dimensionality, among others, affect the magnetic properties.
Of different low-dimensional magnets, ultrathin films and nanoislands of 3d transition metals on paramagnetic substrates have received a great deal of interest. Especially, pseudomorphic iron layers on a W(110) surface has become a common or even archetypical [4] model system of a twodimensional (2D) magnet. Both monolayer Fe/W(110), Fe nanoislands and stripes of Fe atoms on W(110), can be considered as ideal 2D ferromagnets with high strain (about 11%), large magnetic anisotropy, and coercivity [5] making these structures interesting models for high-density storage [6] .
Experimentally, magnetic properties are often studied using a spin-polarized scanning tunneling microscope (STM) [6] [7] [8] [9] under ultrahigh vacuum (UHV) conditions. Computational studies based on density functional theory (DFT) are also usually performed in a way that represents vacuum conditions [10, 11] . In real systems, however, the magnetic properties are affected by interactions with the environment such as gas adsorption. Hydrogen has been found * hj@hi.is to affect the surface magnetism of cobalt [12] and iron [13] 2D magnets. It has also been demonstrated that hydrogen adsorption can induce skyrmionic structure in iridium supported iron overlayers [2] . Both intentional introduction of hydrogen and natural leakage under UHV conditions have been shown to result in similar changes in the coercivity of low-dimension Fe/Pd W-supported magnets [14] . Also, in the presence of oxygen, both adsorption and oxidation can take place [15] .
Even under typical UHV conditions at ∼10 −10 mbar for several hours, the exposure to gaseous contaminants is inevitable [14, 15] . Indeed, molecular hydrogen, the smallest of gases, can leak unintentionally in a seemingly ideal UHV-STM setup [16] . However, little is known about the effect hydrogen adsorption can have on the properties of 2D magnets. This can cause difficulties when interpreting experimental data and when comparing experiments with computational results. On the other hand, intentional addition of hydrogen can offer interesting possibilities for tuning magnetic properties, as mentioned above.
In this work we have performed a systematic DFT study of the effect of hydrogen adsorption on the magnetism of a Fe island on a W(110) support, a typical model system for a 2D ferromagnet. Hydrogen is found to decrease the magnetic moments of neighboring iron atoms by 0.1-0.2 μ B /H. The magnetic moments initially decrease rather linearly as a function of H-atom coverage while on the fully covered island magnetic moments can decrease by up to 1.25 μ B compared to the pristine Fe island where the magnetic moment is ∼2.7 μ B . The results show and demonstrate that the presence of hydrogen, even under UHV conditions, can significantly change the magnetic properties of 2D magnets.
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II. METHODS
The DFT calculations were carried out using the GPAW [17, 18] software within the PAW [19] formalism. Unconstrained KS equations were solved on a real-space grid using 0.2 Å spacing. The spin was relaxed in all calculations. The PBE functional approximation [20] was used. SCF convergence criteria were 10 −4 eV/electron, 10 −6 eV, and 10 −3 electrons for eigenstates, total energy, and electron density, respectively. Convergence criterion for geometry optimization was 0.05 eV/Å.
Calculations of tungsten crystal were first carried out using periodic boundary conditions with 16 × 16 × 16 k-point sampling. The optimized lattice constant is 3.18 Å in good agreement with the experimentally obtained value of 3.16 Å [21] . The epitaxial Fe monolayer on bcc(110) of tungsten was simulated using periodic boundary conditions in xy directions and 16 × 16 × 1 k-point sampling. 10 Å of vacuum was added on both sides of the slab. Convergence of surface relaxation and magnetic moments as a function of tungsten layers was performed and is presented in Table I .
The system was modeled as a three-layer W(110) slab with 10 rows of W atoms in [110] direction and 16 rows in [001] directions as shown in Fig the upmost layer was allowed to relax. An epitaxial 7 × 5 Fe island of 17 atoms was used for studying the magnetism of an Fe nanostructure on the W(110) surface. On each side of the slab 8 Å vacuum was added. To test the adequacy of using three tungsten layers beneath the iron island, a calculation with five layers was also performed. This five-layer model consists of 400 tungsten atoms and is computationally highly demanding. As can be seen in Table II , the three-and fivelayer models give similar results. Thus, we have used the three-layer model to study the effect of hydrogen adsorption on the magnetic properties.
Atomic magnetic moments (m i ) were computed as a difference between the number of α and β electrons (n α i and n β i ) within either the PAW augmentation spheres or the Bader regions (V i ) [22] using spin-polarized all-electron densities (ρ i ). The Bader regions and the corresponding electron number of electrons were computed using a grid-based algorithm [23] :
Interestingly both methods give similar results for the atomic magnetic moments with less than 0.02 μ B differences which is within the accuracy that can be expected from a DFT/GGA calculation.
III. MAGNETIZATION AND ATOMIC STRUCTURE

A. Full Fe monolayer
Before studying the iron island on tungsten, the properties of an epitaxial iron layer on the W(110) substrate were calculated. Since the surface properties are sensitive to the number of layers used in the slab model, the convergence of relaxation and magnetic moments as a function of the number of tungsten layers was studied. The results are shown in Table I .
The iron layer exhibits a large expansion due to the lattice constant mismatch between iron (2.85 Å) and tungsten (3.18 Å). Introduction of the iron island slightly increased the distances between tungsten layers. From Table I it can be seen that already three tungsten layers capture the relaxation between the iron monolayer and the first tungsten layer. The computed surface relaxations compare well with 174431-2 the experimentally determined relaxation of 13.0% in the first Fe-W layer [24] . Also the magnetic moments are well presented by the three tungsten layers and are practically converged at five layers of tungsten. The computed magnetic moments are close to the experimentally obtained 2.53 μ B of Fe-monolayer/W(110) [25] and agree well with previous computational results of Ref. [11] .
B. Fe island on W(110)
The iron island was modeled as a 7 × 5 epitaxial patch of Fe atoms on the W(110) slab. This configuration is labeled as Fe@W island. The Fe@W island has several inequivalent iron atoms which are depicted in Fig. 1 . The magnetic moments of each iron atom computed using both the three-and five-layer models are given in Table II . From this table it can be seen that the three-and five-layer models give reasonably consistent magnetic moments for the various Fe atoms. Furthermore, it becomes evident that the atomic magnetic moments depend significantly on the environment and that the environmental effect is local; at the center of the island the atomic magnetic moments are 2.60-2.62 μ B , close to the values observed for the full monolayer. At the island rim, Fe atomic magnetic moments are between 2.47-2.75 μ B . The iron island is relaxed inwards by −10.4%, slightly less than the full monolayer.
C. H adsorption on the Fe island
The effect of hydrogen adsorption on the magnetic properties of the Fe island was studied by adding one and up to 25 H adatoms. The Fe@W system has several inequivalent adsorption sites for a single hydrogen adatom as depicted in Fig. 2 . From Table III it can be seen that hydrogen adsorption is favorable in all the considered sites and the strongest binding occurs at hollow sites in the middle of the island. The nearest neighbor H-Fe bond lengths vary between 1.74 and 1.87 Å depending on the bonding environment as shown in Fig. 2 . Addition of more H adatoms at the central binding sites (2H, see Fig. 3 ), does not affect the hydrogen adsorption energy even when all the facet sites (8H, see Fig. 3 ) are populated.
Adsorption of H atoms decreases the magnetic moment of neighboring Fe atoms usually by 0.1-0.2 μ B as is seen from Table II and Fig. 3 . This effect is highly local and affects only the Fe atoms adjacent to the H adatom. When several H atoms have been adsorbed on the island, the magnetic moment of the central atoms increases by 0.05 μ B while atoms at the rims exhibit reduced moments. When several H atoms are bound to an Fe atom, changes in the atomic magnetic moment can be as large as −1.25 μ B . The effect of multiple adsorbed H atoms on the Fe atomic magnetic moments is nearly additive except for the fully H-covered island.
D. Density analysis of hydrogen induced changes in Fe magnetic moments
Changes in the Fe atomic magnetic moments can be elucidated by studying the density of states obtained by projecting the Kohn-Sham orbitals on atomic orbitals. In Fig. 4 the projected DOS (pDOS) is shown for both the clean and fully H-covered Fe island. Based on the pDOS analysis it becomes clear that both the up and down states become more populated upon hydrogen adsorption. However, down d states gain more electrons than the up states which explains the observed reduction in atomic magnetic moments. When hydrogen is adsorbed, the d states in general shift to lower energies and the d band becomes wider. While d states are dominating the changes in magnetism, the total change in the atomic magnetic moment is FIG. 3 . Changes in the magnetic moments of Fe atoms due to hydrogen adsorption. The gray dots show the position of the hydrogen atoms. The structures are labeled using the same convention as in Tables II and III. effectively a sum of changes in d and p states. Both up and down p states gain electrons due to hydrogen adsorption, and the change in magnetic moments caused by the p states varies between −0.05 and −0.2 μ B . In the total pDOS, the number of states around the Fermi level is reduced as the bands move lower in energy.
IV. DISCUSSION
The data presented above show that the magnetic moments of 2D iron nanomagnets on W(110) are sensitive to the presence of hydrogen. Besides affecting the collinear magnetic structures, as studied here, hydrogen adsorption can also induce noncollinear magnetic states as discussed in the Introduction. While we have not studied noncollinearity in the Fe/W system, earlier theoretical work using a noncollinear extension of the Alexander-Anderson model Hamiltonian (NCAA) concluded that noncollinear states in Fe/W(110) nanomagnets are higher in energy than the collinear states [26, 27] . Noncollinear states appeared as unstable transition states between collinear states.
The collinear ground state of the intact Fe/W system does not exclude the possibility of observing noncollinear states in the presence of hydrogen. For instance, the energy from the NCAA Hamiltonian depends on the Coulomb interaction, exchange parameters, and the width of the DOS. These parameters can be extracted by fitting to the atomic magnetic moments, exchange coupling and DOS from DFT calculations [26, 27] . In the present work it was shown that hydrogen adsorption leads to significant changes in both magnetic moments and the DOS which in the NCAA would lead to different parameters. It has also been noted that even small changes in NCAA parameters can induce noncollinearity [26] . Hence, it might be possible to infer noncollinearity from a reparametrized NCAA Hamiltonian where hydrogen adsorption is accounted for. The calculations and results presented herein provide a natural starting point for such parametrization of either NCAA or other model Hamiltonians to study noncollinearity that might be induced by hydrogen adsorption.
Beyond model Hamiltonians, it is possible to study noncollinearity using, e.g., noncollinear DFT [28] . Noncollinear DFT captures magnetism from the spin contributions, i.e., the energetics of different relative spin orderings but spin-orbit coupling is needed to capture magnetic anisotropy and the absolute direction of the spin vectors with respect to the underlying atomic lattice. For magnetic 2D nanoislands both the spin and orbital contributions are needed to reliably model noncollinearity in such systems [26] . Accounting for both magnetic contributions in DFT is technically possible (see, e.g., recent work in Ref. [29] ) but the achievable system sizes are roughly an order of magnitude smaller than the iron nanoisland considered in the present study. Even if hydrogen does not induce noncollinearity, the hydrogen adsorption will dramatically change the magnetic structure of the iron nanoisland. Whether hydrogen adsorption takes place under experimentally relevant conditions can be inferred by studying the surface coverage as a function of hydrogen pressure, temperature, and hydrogen binding energy. For this we use the dissociative Langmuir adsorption isotherm
where P is the pressure and K is the equilibrium constant obtained using the adsorption energy with respect to gas phase molecular hydrogen at the relevant temperature and pressure using the ideal gas approximation. In Fig. 5 the surface coverage is reported over a range in temperature and pressure for the weakest (average) hydrogen adsorption energy presented in Table III . This simple analysis shows that an iron nanoisland likely has H adatoms even for the low hydrogen partial pressure and low temperature typically employed in UHV studies of magnetic nanoislands. We emphasize that the 174431-5
FIG. 5. Hydrogen surface coverage for the "Full" adsorption geometry obtained from the Langmuir adsorption isotherm as a function of the hydrogen pressure and temperature.
presence of hydrogen can also be a way to intentionally tune magnetic properties and is not necessarily a detrimental effect.
V. CONCLUSIONS
The calculations presented here show that hydrogen adsorption can cause a large reduction in the atomic magnetic moment of Fe atoms in nanoislands. Hydrogen atoms bind strongly on both the interior and rim of the Fe island up to high coverage. The magnitude of the change in the magnetic moments depends on the adsorption site. A singly adsorbed hydrogen atom reduces the magnetic moment of the nearest iron atoms by −0.1 to −0.2 μ B . For a fully H-covered Fe island the magnetic moment is reduced by up to −1.2 μ B . The effect of hydrogen adsorption on the atomic magnetic moments is highly local affecting only the nearest neighbor Fe atoms. An analysis of the density of states projected on the Fe atoms shows that the changes induced in the magnetic moments are mainly due to filling the minority spin states by hydrogen adsorption. To conclude, the presence of hydrogen can significantly change the electronic structure and magnetic properties of nanoislands and may need to be taken into account when analyzing experimental measurements. It can also be used to intentionally tune magnetic properties of nanoislands. There are no conflicts to declare.
